Influenza A viruses (IAV) have been a major public health threat worldwide, and options for antiviral therapy become increasingly limited with the emergence of drug-resisting virus strains. New and effective anti-IAV drugs, especially for highly pathogenic influenza, with different modes of action, are urgently needed. The influenza virus glycoprotein hemagglutinin (HA) plays critical roles in the early stage of virus infection, including receptor binding and membrane fusion, making it a potential target for the development of anti-influenza drugs. In this study, we show that OA-10, a newly synthesized triterpene out of 11 oleanane-type derivatives, exhibited significant antiviral activity against four different subtypes of IAV (H1N1, H5N1, H9N2 and H3N2) replications in A549 cell cultures with EC 50 ranging from 6.7 to 19.6 µM and a negligible cytotoxicity (CC 50 > 640 µM). It inhibited acid-induced hemolysis in a dose-dependent manner, with an IC 50 of 26 µM, and had a weak inhibition on the adsorption of H5 HA to chicken erythrocytes at higher concentrations (≥40 µM). Surface plasmon resonance (SPR) analysis showed that OA-10 interacted with HA in a dose-dependent manner with the equilibrium dissociation constants (KD) of the interaction of 2.98 × 10 −12 M. Computer-aided molecular docking analysis suggested that OA-10 might bind to the cavity in HA stem region which is known to undergo significant rearrangement during membrane fusion. Our results demonstrate that OA-10 inhibits H5N1 IAV replication mainly by blocking the conformational changes of HA2 subunit required for virus fusion with endosomal membrane. These findings suggest that OA-10 could serve as a lead for further development of novel virus entry inhibitors to prevent and treat IAV infections.
Introduction
Influenza A virus (IAV), the causative agent of influenza, is a major pathogen that causes public health problem and socioeconomic burden world-wide. With waterfowl as the primary reservoir, the virus is able to infect a wide variety of birds and mammals, including humans. Due to this trait, IAV entry [26] . Based on this finding, we further designed, synthesized and evaluated a series of 3-O-β-chacotriosyl oleanolic acid analogs as H5N1 IAV entry inhibitors. We found that the introduction of a disubstituted amide structure at the 17-COOH of OA could significantly improve the selective index while maintaining their antiviral activities in vitro [27] . However, as the previous antiviral evaluation of 3-O-β-chacotriosyl oleanolic acid analogs was based on a pseudotyping system, their inhibitory effects on IAV and mechanisms of action are unconfirmed. In the present study, antiviral activities of OA and its eleven analogs, including four newly synthesized derivatives, against H5N1 virus in A549 cells, were investigated, and their mechanisms of action and antiviral activities against other IAV subtypes based on a representative novel compound OA-10 were further investigated. To our knowledge, this is the first report on anti H5N1 IAV activity of OA derivatives.
Materials and Methods

Compounds
In total, 12 oleanane-type triterpenoid compounds ( Figure S1 and Figure 1A ), including oleanolic acid and its 11 derivatives, and their antiviral activities against H5N1 IAV infection in A549 cells were studied. Oleanolic acid was purchased from Chengdu Gelipu Biotechnology Co., Ltd. (Chengdu, China). Seven derivatives named OA-1, OA-2, OA-3, OA-4, OA-5, OA-6 and OA-7 were synthesized as described previously [27] . Four new derivatives named OA-8, OA-9, OA-10 and OA-11, which were confirmed by data from nuclear magnetic resonance (NMR) and high-resolution electrospray ionization mass spectrometry (HRESIMS) analysis (shown in the supplementary material), were synthesized by a method similar to that described previously [27] . Briefly, the known saponin 3-(β-d-glucopyranosyl)-oleanolic acid benzyl ester or 3-(α-d-mannopyranosyl)-oleanolic acid benzyl ester was subjected to PivCl in the presence of pyridine to selectively protect the 3,6-OHs of the β-glucopyranosyl or α-mannopyranosyl residue, and subsequent glycosylation of the 2, 4-OHs in sugars with 2,3,4-tri-O-acetyl-L-rhamnopyranosyl trichloroacetimidate using TMSOTf as the promoter, followed by deprotection of the acyl groups with NaOH to produce two tridesmosidic oleanolic acid benzyl ester saponins, respectively. Hydrogenolysis of the above oleanolic acid benzyl ester saponins over palladium/carbon in THF-MeOH led to OA-9 and 3-O-β-chacotriosyl oleanolic acid, was carried out to furnish OA-10 or OA-11 by four consecutive acetylation, acyl chlorination, amide condensation reaction and alkaline hydrolysis, respectively. The purities of all oleanane-type triterpenoids were ≥98% by HPLC analysis. Ribavirin hydrochloride was purchased from Guangdong Starlake Bioscience Co. Ltd. (Zhaoqing, China) with purities ≥ 99%. Peramivir in sterile 0.9% NaCl solution (0.3 g/100 mL) was purchased from Guangzhou Nucien Pharmaceutical Co., Ltd. (Guanzhou, China). Arbidol hydrochloride was purchased from Dalian Melun Biological Technology Co., Ltd. (Dalian, China) with purities ≥98%. Oleanane-type triterpenoids were dissolved in dimethyl sulfoxide (DMSO) and diluted with PBS to <0.4% DMSO for in vitro experiments. Ribavirin hydrochloride was dissolved in PBS for in vitro experiments. Data are presented as means ± SDs from three independent experiments.
To more accurately assess OA-10′s inhibitory role, we further examined its antiviral effects against H5N1 IAV infection using virus titration and RT-PCR at 48 hpi. As shown in Figure 2A , treatment with OA-10 resulted in a significant reduction of progeny virus titer in a dose-dependent manner. Treatment with 80 μM of OA-10 led to a 1.8 log reduction in progeny virus production compared to that in DMSO-treated control. In fact, OA-10 at concentrations from 20 to 80 μM significantly inhibited H5N1 IAV NP RNA levels in A549 cells in a dose-dependent manner ( Figure  2B ). We further studied the viral inhibition kinetics by OA-10 at 80 μM. In the H5N1 IAV-infected control, the levels of virus titer and virus mRNA expression increased continuously from 24 to 72 hpi ( Figure 2C ,D). The addition of 80 μM OA-10 significantly reduced progeny virus titers and viral RNA levels at all time-points, as shown in Figure 2C ,D. Simultaneously, treatment with OA-10 also reduced progeny virus titer on PR8, H9N2 and H3N2 infection, respectively, in a dose-dependent manner at 48 hpi, as shown in Figure S2B . Peramivir, a well-known neuraminidase inhibitor, was used as a positive antiviral drug control in this study. Our results showed that 15 μM of peramivir exhibited a significant inhibition on IAV infections in the same assays. 
Cell Lines and Influenza Virus
A549 (human lung carcinoma) cells and MDCK (Madin-Darby canine kidney) cells used for IAV infection were cultured in Dulbecco's modified Eagle's medium (DMEM, Gibco, UT, USA) supplemented with 10% fetal bovine serum (FBS, Biological Industries, Kibbutz Beit Haemek, Israel), 100 U/mL of penicillin and 100 µg/mL streptomycin in a humidified atmosphere with 5% CO 2 . All cells were obtained from the Center of Cellular Resource, Chinese Academy of Sciences (Shanghai, China).
Avian influenza A virus strain A/Duck/Guangdong/99(H5N1 IAV) and A/Chicken/Guangdong/16/ 1996 (H9N2) were kindly provided by the Veterinary Technology Center of South China Agricultural University (Guangzhou, China). The H1N1 IAV strain A/Puerto Rico/8/34 (PR8) and H3N2 IAV strain A/Guangdong/Dongguan/1100/2006 viruses were obtained from the Chinese Center for Disease Control and Prevention (Beijing, China). Virus stocks were passaged in 10-day old embryonated chicken eggs for 48 h. The allantoid fluid was harvested and aliquots were stored at −80 • C until required. Experiments involving H5N1 virus were conducted in a physical containment level three (PC3) laboratory.
Cytotoxicity Assay
The cytotoxicity of tested compounds was evaluated using a MTT assay as described previously by Luo [28] . Briefly, cells were grown in 96-well plates for 24 h. The medium was replaced with fresh one containing serially diluted compounds and the cells were further incubated for 24 h, 48 h or 72 h. The culture medium was removed and replaced with 100 µL 3-(4,5-dimethylthiozol-2-yl)-3,5-dipheryl tetrazolium bromide (MTT; Sigma-Aldrich, MA, USA) solution (1 mg/mL in PBS) and incubated at 37 • C for 4 h. After removal of the supernatant, 150 µL of DMSO was added to all of the wells to dissolve the formazan crystals for 10 min at 37 • C. Cell viability was then measured as the absorbance at 490 nm with a microplate reader (Thermo fisher scientific, MA, USA) and expressed as a percentage of the control level. The mean optical density (OD) values from six replicated wells per treatment were used as the cell viability index. The 50% cytotoxic concentration (CC 50 ) was calculated by GraphPad Prism 7.0 (GraphPad Software, San Diego, CA, USA).
Indirect Immunofluorescence Assay (IFA)
Indirect immunofluorescence assay was used to rapidly evaluate antiviral activities of compounds against H5N1 IAV infection. For immunostaining, the H5N1-infected or control cells were fixed with 4% paraformaldehyde for 10 min, then permeabilized with 0.25% Triton X-100 for 10 min at room temperature (RT). Cells were blocked with 1% bovine serum albumin (BSA) for 60 min at RT and then incubated with a mouse monoclonal antibody against IAV nucleoprotein (NP protein) (1:500 dilution, Sino Biological, Beijing, China) at 4 • C overnight. After three washes with PBS, the cells were incubated for 1 h at RT with an anti-mouse IgG antibody conjugated with Alexa Fluor ® 488 (green) (Cell Signaling Technology, MA, USA) at 1:1000 dilution. Nuclei were counterstained with 50 µL of 4,6-diamidino-2-phenylindole (DAPI, 300 nM; Sigma-Aldrich, MA, USA). Immunofluorescence was captured using the Leica DMI 4000B fluorescence microscope (Leica, Wetzlar, Germany). Blue and green fluorescence spots were counted as the total and IAV-infected cell numbers respectively in every IFA image.
Relative NP protein level (%) of each image was calculated based on the fluorescence optical density (OD) using Software Image J. Results from compound-treated samples were compared to those from corresponding DMSO-treated control groups (set as 100%). The EC 50 value (the concentration required to protect 50% cells from IAV infection) was determined by plotting the relative NP protein level as a function of compound concentration and calculated using GraphPad Prism 7.0 software (GraphPad Software, San Diego, CA, USA).
In Vitro Virus Growth Inhibition Assay
A549 monolayers were infected with the virus for 1 h. Supernatants were removed, and cells were then incubated with DMEM containing serial concentrations of test compound. Cells and supernatants were collected at indicated time points post-infection and in total subjected to three freeze-thaw cycles at −80 • C and 4 • C to ensure maximal release of cellular virions [29] . Final viral titers in the supernatants were determined by an end point dilution assay using MDCK cells and expressed as log 10 TCID 50 /0.1 mL.
Real-Time Reverse-Transcription PCR (RT-PCR)
Total RNA was extracted from cells or mixtures of cells and supernatants using the total RNA rapid extraction kit (Fastagen, Shanghai, China) following the manufacturer's instructions. RNA was reverse-transcribed into first-strand cDNA using a reverse transcription kit (TaKaRa, Japan). PCR amplification was performed using 1 µL of reverse-transcribed product with primers designed for IAV-NP and GAPDH (glyceraldehyde-3-phosphate dehydrogenase, used as the endogenous control). The primers used for PCR amplification are listed in Table 1 [30] . Real-time PCR was performed using 2×RealStar Green Power Mixture (containing SYBR Green I Dye) (Genstar, Beijing, China) on a CFX96 Real-time PCR system (Bio-Rad, Hercules, CA, USA). Relative mRNA expression was calculated by 2 −∆∆CT method using DMSO-treated infected cells as reference samples for determining IAV-NP [31, 32] . To assess the effect of OA-10 on transcriptional activation of NP in IAV infected cells, the relative fold change of each NP gene expression was calculated and compared between OA-10-treated virus-infected and virus-infected cells. 
GAPDH-R 5 -TGGTGAAGACGCCAGTGGA-3 a F: forward primer; R: reverse primer
Time Course Inhibition Assay
To estimate the influence of OA-10 on the IAV replication cycle, A549 cells were grown in 24-well plates to confluence and then infected with H5N1 IAV (0.1 MOI) for 1 h at 37 • C. OA-10 or ribavirin or peramivir was added before, during or after IAV infection. For pretreatment, cells were incubated with the indicated compound for 2 h at 37 • C, followed by three washes with PBS and then infected with H5N1 IAV for 1 h. For co-treatment, cells were simultaneously incubated with H5N1 IAV and the compound. After 1 h, the virus-drug mixture was removed, and the cells were washed three times with PBS before fresh medium was added. For post-treatment, cells were first infected with H5N1 IAV for 1 h followed by three washes with PBS and then incubated in the fresh medium containing the compound. At 24 hpi, progeny viruses in the supernatants were determined by an end point dilution assay and the extent of virus infection in the cells was assessed by IFA for NP protein, respectively.
To determine the specific stage(s) of the viral life cycle affected by OA-10, a time-of-addition assay was performed as described by Luo et al. [28] . Briefly, confluent monolayers of A549 cells grown in 24-well plates were infected with H5N1 IAV (1.0 MOI) for 1 h at 37 • C. Cells were washed three times with PBS to remove unbound viruses and incubated in fresh medium. In total, 80 µM of OA-10 or ribavirin or peramivir was then added for 0 to 2, 2 to 4, 4 to 6, 6 to 8 h or 0 to 8 hpi. After each incubation period, the cells were washed three times with PBS and incubated with fresh medium at 37 • C. At 8 hpi, the cells were subjected to viral NP protein analysis using IFA and viral mRNA analysis using RT-PCR, respectively.
Hemagglutination Inhibition Assay (HAI)
The inhibitory activity of OA-10 on HA-mediated hemagglutination of chicken red blood cells (RBCs) was assessed by an HAI assay. Briefly, 25 µL of A/Duck/Guangdong/99(H5N1) (4 hemagglutination units) was incubated with 25 µL H5 standard antiserum (H5 antiserum were provided by the Veterinary Technology Center of South China Agricultural University, Guangzhou, China) or OA-10 at indicated concentrations for 30 min at RT. Then, 50 µL chicken RBCs (0.5%) in saline solution were added to each well and incubated at 37 • C for 30 min. The plates were taken images at 45 degree inclination for recording hemagglutination and the fluidity of deposited RBCs.
Hemolysis Inhibition Assay (HIA)
The inhibitory effects of compounds on virus-induced hemolysis at low pH were determined by a procedure described previously by Basu et al. [33] . Briefly, chicken RBCs were washed twice with PBS and resuspended to 2% (vol/vol) in PBS and stored at 4 • C until use; 100 µL of compound diluted in PBS was then mixed with an equal volume of H5N1 IAV (10 8 PFU/mL) in a 96-well plate. After incubating the virus-compound mixture at room temperature for 30 min, 200 µL of 2% chicken RBCs (pre-warmed at 37 • C) was added. The mixture was incubated at 37 • C for another 30 min. To trigger hemolysis, 100 µL of sodium acetate-acetic acid buffer solution (0.5 M, pH 5.2) was added and mixed with the RBC suspension. The mixture was incubated at 37 • C for another 30 min for HA acidification and hemolysis. To separate unlysed RBC from the lysed ones, plates were centrifuged at the end of incubation at 1200 rpm for 6 min; 300 µL of the supernatant was transferred to another flat-bottom 96-well plate. The OD 540 was read on a microtiter plate reader. IC 50 is defined as the compound concentration that generates 50% protection on chicken RBCs lysed by virus.
Surface Plasmon Resonance (SPR) Analysis
Interactions between the influenza HA and the compounds were analyzed using the Berthold bScreen LB 991 (LabXMedia group, Midland, Canada) at 4 • C. Recombinant influenza HA protein (Abcam, Cambridge, England) from virus strain A/Vietnam/1203/2004 (H5N1) was immobilized on a sensor chip (Photo-cross-linker SensorCHIP™) using an amine coupling kit (GE Healthcare, Buckinghamshire, UK). Subsequently, compounds were injected as analytes at various concentrations, and we used PBST (10 mM phosphate buffer with 0.1% Tween 20, pH 5.0) as running buffer. For binding studies, analytes were applied at corresponding concentrations in running buffer at a flow rate of 30 µL/min with a contact time of 600 s and a dissociation time of 360 s. Chip platforms were regenerated with regeneration buffer (Glycine-HCl, pH = 2.0) after each test cycle. The processing and analyses of association and dissociation rate constants (Ka/Kon and Kd/Koff respectively) and the equilibrium dissociation constant (KD, kd/ka) were performed using the data analysis software of the bScreen LB 991 unlabelled microarray system according to a single-site binding model (1:1 Langmuir binding) with mass transfer limitations for binding kinetics determination.
Molecular Docking
The protein structure of hemagglutinin (PDB ID: 6CFG) was used for the docking study. All calculations were performed using Discovery Studio 2017. The 3D structures of OA-10 were constructed using the Discovery Studio small molecule window, and energy was minimized by CHARMm force field in a two-step method: steepest descent with RMS gradient convergent to 0.1, and the final step was conjugate gradient with RMS gradient convergent to 0.0001. Prior to the docking procedure, all bound water molecules were removed from the protein crystal structure. A site sphere radius was set to 13.39 Å in which the other parameters were set as default. The docking program CDOCKER was used to perform the automated molecular simulation in which the top hits were set as 10, and the random conformations were set as 20. The top compounds were ranked by the corresponding values of -CDOCKER interaction energy.
Statistical Analysis
All values are expressed as means ± SDs from at least three independent experiments. Statistical significance was determined by Student's t-test when only two groups were compared or by one-way analysis of variance (ANOVA) when more than two groups were compared. Statistical analyses were performed using GraphPad Prism 7 (GraphPad Software, San Diego, CA, USA). * P < 0.05, ** P < 0.01 and *** P < 0.001 were considered to be statistically significant at different levels.
Results
Compound OA-10 Inhibits IAV Infections in A549 Cells with Minimal Cytotoxicity
Chemical structures of oleanane acid (OA-0) and its 11 derivatives, including four new derivatives, are shown in Figure S1 of the Supplementary Material. The cytotoxicity of OA-0 and its derivatives on A549 cells was first evaluated using the 3-(4,5-dimethylthiozol-2-yl)-3,5-dipheryl tetrazolium bromide (MTT) assay. For each compound, CC 50 value, the concentration required to reduce normal cell viability by 50% after 24 h of compound treatment, was determined, as shown in Table 2 . Derivatives OA-1, OA-2, OA-4, OA-5, OA-7, OA-8 and OA-9 exhibited greater cytotoxicity on A549 cells with CC 50 ≤ 20.5 µM, while other derivatives and oleanolic acid exhibited less cytotoxicity with CC 50 ≥ 31.1 µM. Noticeably, OA-10 showed the least cytotoxicity with CC 50 > 640 µM ( Figure 1C ). DMSO (0.4%, used as solvent) did not exhibit detectable cytotoxicity on A549 cells. No obvious cytotoxicity was observed for OA-10 at concentrations ≤ 80 µM after 24, 48 or 72 h of treatment, as shown in Figure 1C . Thus, 80 µM of OA-10 was selected as the maximum concentration for further studies. The antiviral activities of synthesized OA derivatives against H5N1 IAV were evaluated via relative nucleoprotein (NP) expression level (%) detected by immunofluorescence microscopy at 24 hpi. The initial results showed that OA-0 and the 11 derivatives exhibited various antiviral activities against H5N1 IAV infection (Table 2 ). It was found that OA-0 and all other derivatives except OA-6 significantly reduced H5N1 IAV infection in A549 cells with EC 50 ≤ 14.2 µM, while OA-6 showed the lowest antiviral activity with EC 50 > 86.6 µM. However, most of the effective derivatives, including OA-1, OA-2, OA-3, OA-4, OA-5, OA-7, OA-8, OA-9 and OA-11, exhibited high cytotoxicity on A549 cells with CC 50 ≤ 31.1 µM, while OA-0, OA-10 and OA-11 showed relatively lower cytotoxicity on A549 cells with CC 50 ≥ 60.0 µM. Most interestingly, OA-10 showed significant inhibition on H5N1 IAV replication in a dose-dependent manner in concentrations ranging from 20 to 80 µM (EC 50 : 14.0 µM) with very low cytotoxicity, as shown in Figure 1B ,C. Among the 12 evaluated compounds, OA-10 showed the highest select index (SI > 45). Thus, OA-10 was selected for further studies.
To explore whether OA-10 possesses a broad inhibitory effect on different IAV subtypes, three other IAV strains (PR8, H9N2 and H3N2) were evaluated using IFA and A549 cells at 24 hpi. As shown in Figure S2A and Table 3 , OA-10 also exhibited significant inhibitions on PR8 (EC 50 : 6.7µM), H9N2 (EC 50 : 15.3 µM) and H3N2 (EC 50 : 19.6 µM) replications. To more accurately assess OA-10 s inhibitory role, we further examined its antiviral effects against H5N1 IAV infection using virus titration and RT-PCR at 48 hpi. As shown in Figure 2A , treatment with OA-10 resulted in a significant reduction of progeny virus titer in a dose-dependent manner. Treatment with 80 µM of OA-10 led to a 1.8 log reduction in progeny virus production compared to that in DMSO-treated control. In fact, OA-10 at concentrations from 20 to 80 µM significantly inhibited H5N1 IAV NP RNA levels in A549 cells in a dose-dependent manner ( Figure 2B ). We further studied the viral inhibition kinetics by OA-10 at 80 µM. In the H5N1 IAV-infected control, the levels of virus titer and virus mRNA expression increased continuously from 24 to 72 hpi ( Figure 2C,D) . The addition of 80 µM OA-10 significantly reduced progeny virus titers and viral RNA levels at all time-points, as shown in Figure 2C ,D. Simultaneously, treatment with OA-10 also reduced progeny virus titer on PR8, H9N2 and H3N2 infection, respectively, in a dose-dependent manner at 48 hpi, as shown in Figure S2B . Peramivir, a well-known neuraminidase inhibitor, was used as a positive antiviral drug control in this study. Our results showed that 15 µM of peramivir exhibited a significant inhibition on IAV infections in the same assays. 
OA-10 Interferes with Virus Entry
To identify the OA-10 affected stage(s) during an influenza infection cycle, we first performed a virus binding (attachment) assay by coculture A549 cells with IAV at 4 °C to permit attachment yet avoid viral entry in the presence or absence of OA-10. The co-incubation of 80 μM OA-10 with H5N1 IAV at 4 °C for 1 h followed by removal of excess virus and 37 °C culture did not affect IAV infection ( Figure S3 ), indicating that OA-10 does not affect IVA binding to cells and also does not directly inactivate IAV particles. We next performed time course studies for the inhibitory effects of OA-10. A549 cells were treated with OA-10 for 2 h prior to virus infection (pre-treatment), or for 1 h during the viral infection (co-treatment), or for 24 h after 1 h virus infection and removal (post-treatment), as shown in Figure 3A . Results in Figure 3B -D show that pre-treatment of 80 μM OA-10 did not reduce progeny virus yield and viral NP production. This result indicates that OA-10 does not impair the susceptibility of A549 cells to IAV infection. When cells were incubated with H5N1 IAV in the presence of 80 μM OA-10 for 1 h (co-treatment), a mild but significant reduction in progeny virus yield as well as NP protein expression was observed. This result indicates that OA-10 likely interacts with the virus early during the infection cycle. When cells were treated with 80 μM OA-10 for 24 h post H5N1 IAV infection (post-treatment), one log reduction in progeny virus yield was observed ( Figure 3B ), which was also reflected by decreased NP production ( Figure 3C,D) . This result is consistent with the above results and further indicates that OA-10 likely exerts its antiviral effects during virus entry. In these assays, 15 μM peramivir exhibited more significant inhibition on H5N1 IAV's replication in both co-treatment and post-treatment modes, while 30 μM ribavirin exhibited inhibition only in the post-treatment mode, and its inhibition was significantly weaker than that of 
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OA-10 Partly Blocks IAV HA Adsorption to Chicken RBCs at High Concentrations
IAV is able to adsorb to chicken RBC, resulting in hemagglutination through the interaction of the receptor-binding domain in viral HA1 subunits with the sialic acid receptors on RBC membrane. To see whether HA is the potential target of OA-10, we questioned whether OA-10 could inhibit hemagglutination by interfering with H5 HA adsorption to RBC. OA-10 did not inhibit HA adsorption to chicken RBCs at concentrations of 10 and 20 µ M. At the concentrations of OA-10 ≥ 40 µ M, it was observed that a portion of RBCs settled to the bottom of the wells but the settled RBCs were not able to flow, as shown in Figure 5A . Meanwhile, OA-10 treatment did not affect RBC properties in the absence of H5 virus, and the positive control antisera against H5 hemagglutinin (Anti-H5) could effectively inhibit H5 HA adsorption to chicken RBCs with a titer at 1:16, and the settled RBCs could move when the plate was tilted ( Figure 5A ). These results indicated that OA-10 might have a weak interaction with the receptor binding domain of H5 HA1, which needs further demonstration.
OA-10 Exhibits a Strong Interaction with HA Protein
To investigate the interaction of OA-10 with HA, we studied the affinities of OA-10 with HA by surface plasmon resonance (SPR). A recombinant HA protein from virus strain A/Vietnam/1203/2004 (H5N1) was used as representative HA of H5N1 IAV strains, because the amino acid sequence identity of the full-length HA proteins between A/Vietnam/1203/2004 strain and A/Duck/Guangdong/99(H5N1) strain used in above antiviral assay was 97.0% (Supplementary Material 5) [35] . As shown in Figure 5B , OA-10 interacted with HA in a dose-dependent manner, and the equilibrium dissociation constant (KD) of the interaction was 2.98  10 −12 M, indicating a strong 
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OA-10 Inhibits H5N1 IAV-Mediated Hemolysis at Low pH
We next investigated whether OA-10 was able to inhibit HA-induced chicken RBC hemolysis at a low pH [33] . To trigger hemolysis, the virus-cell suspension was acidified (pH 5.2) to initiate HA subunit HA2 conformational changes that lead to the lysis of chicken RBCs and their hemoglobin release. Arbidol, a licensed antiviral agent against IAV infection in Russia and China, was demonstrated to inhibit IAV replication by binding to HA2 in acidic condition and used as a positive hemolysis inhibitor control in this study [37] . As shown in Figure 5C , as expected, arbidol showed hemolysis inhibition with an IC50 of 51 µ M. Interestingly, OA-10 more potently inhibited HA-induced hemolysis in a dose-dependent manner, with an IC50 of 26 µ M. Taken together, these results show that OA-10 interacts with HA2.
Molecular Model of HA-OA-10 Binding
In order to further understand the molecular basis of OA-10 interacting with HA, we performed docking experiments using CDOCKER protocol to predict the binding modes of OA-10 into the CR6261 antibody binding site which is a highly conserved hydrophobic groove at the HA1-HA2 interface in the HA stem region [19] . The docked conformation of OA-10 was determined based on the minimum CDOCKER interaction energy. As shown in Figure 6 , the modeled structure of HA complexed with OA-10 indicated that C2-OH and C3-OH of the L-rhamnose moiety linked to C2-OH of D-glucose were positioned within appropriate distance (2.46 Å , 1.99 Å and 2.18 Å ) to make three strong hydrogen bonds with Gly20 and Val18 in HA2, respectively. Furthermore, C3-OH of Dglucose and the C2-OH of the L-rhamnose moiety linked to C4-OH of D-glucose formed hydrogen bonds with Asp19 and Gln42 with the distances 2.69 Å and 2.78 Å , respectively. In addition, oleanane scaffold also form numerous hydrophobic contacts with the HA1 residue (His38) and HA2 residues (Trp21, Lys38 and Ile45). According to docked conformation of OA-10, 3-O-β-chacotriosyl moiety obviously plays an important role in binding residues in HA2 with higher docking score. 
OA-10 Exhibits a Strong Interaction with HA Protein
To investigate the interaction of OA-10 with HA, we studied the affinities of OA-10 with HA by surface plasmon resonance (SPR). A recombinant HA protein from virus strain A/Vietnam/1203/2004 (H5N1) was used as representative HA of H5N1 IAV strains, because the amino acid sequence identity of the full-length HA proteins between A/Vietnam/1203/2004 strain and A/Duck/Guangdong/99(H5N1) strain used in above antiviral assay was 97.0% (Supplementary Material 5) [35] . As shown in Figure 5B , OA-10 interacted with HA in a dose-dependent manner, and the equilibrium dissociation constant (KD) of the interaction was 2.98 × 10 −12 M, indicating a strong affinity between OA-10 with HA. OA-10 did not interact with negative control protein FKBP12 (FK506 binding protein 1A, 12 kDa), indicating that interactions of HA with OA-10 were specific [36] . This result indicates that HA is most likely the target of OA-10 by which it inhibits virus entry and subsequent replication.
OA-10 Inhibits H5N1 IAV-Mediated Hemolysis at Low pH
We next investigated whether OA-10 was able to inhibit HA-induced chicken RBC hemolysis at a low pH [33] . To trigger hemolysis, the virus-cell suspension was acidified (pH 5.2) to initiate HA subunit HA2 conformational changes that lead to the lysis of chicken RBCs and their hemoglobin release. Arbidol, a licensed antiviral agent against IAV infection in Russia and China, was demonstrated to inhibit IAV replication by binding to HA2 in acidic condition and used as a positive hemolysis inhibitor control in this study [37] . As shown in Figure 5C , as expected, arbidol showed hemolysis inhibition with an IC 50 of 51 µM. Interestingly, OA-10 more potently inhibited HA-induced hemolysis in a dose-dependent manner, with an IC 50 of 26 µM. Taken together, these results show that OA-10 interacts with HA2.
Molecular Model of HA-OA-10 Binding
In order to further understand the molecular basis of OA-10 interacting with HA, we performed docking experiments using CDOCKER protocol to predict the binding modes of OA-10 into the CR6261 antibody binding site which is a highly conserved hydrophobic groove at the HA1-HA2 interface in the HA stem region [19] . The docked conformation of OA-10 was determined based on the minimum CDOCKER interaction energy. As shown in Figure 6 , the modeled structure of HA complexed with OA-10 indicated that C2-OH and C3-OH of the L-rhamnose moiety linked to C2-OH of D-glucose were positioned within appropriate distance (2.46 Å, 1.99 Å and 2.18 Å) to make three strong hydrogen bonds with Gly20 and Val18 in HA2, respectively. Furthermore, C3-OH of D-glucose and the C2-OH of the L-rhamnose moiety linked to C4-OH of D-glucose formed hydrogen bonds with Asp19 and Gln42 with the distances 2.69 Å and 2.78 Å, respectively. In addition, oleanane scaffold also form numerous hydrophobic contacts with the HA1 residue (His38) and HA2 residues (Trp21, Lys38 and Ile45). According to docked conformation of OA-10, 3-O-β-chacotriosyl moiety obviously plays an important role in binding residues in HA2 with higher docking score. 
Discussion
In the present study, OA-10, a newly synthesized oleanane-type triterpene, exhibits significant antiviral activity against highly pathogenic H5N1 IAV replication with an EC50 of 14.0 μM in A549 cell cultures. The in vitro cytotoxicity of OA-10 is quite low, with a CC50 of more than 640 μM and a selective index of more than 45. OA-10 also exhibits similar inhibitory effect on other IAV subtypes including PR8, H3N2 and H9N2, with EC50 values ranging from 6.7 to 19.6 μM. The time course inhibition study indicates that OA-10 exerts its antiviral effect during early stages of viral infection post binding to cell surface receptors. SPR analyses demonstrate that OA-10 interacts with HA protein strongly. The inhibition of OA-10 on H5N1 IAV induced hemolysis of chicken RBCs at low pH confirms interaction of OA-10 with HA subunit HA2. Furthermore, computer-aided molecular docking analysis suggested that OA-10 might bind to the interface of HA1 and HA2 in the HA stem region, which was known to undergo significant rearrangement during membrane fusion [19] .
One IAV replication cycle is orderly composed of virus binding, internalization, RNA replication and viral protein synthesis, assembly, budding and release from infected cells [38] . Through the time course inhibition experiments, we found that OA-10 inhibited IAV replication in the co-and posttreatment modes (Figure 3 ), but was unable to block IAV binding to A549 cells ( Figure S3 ). To identify the exact stage(s) of IAV replication cycle affected by OA-10, we investigated the time course inhibition within one IAV lifecycle and found that OA-10 exerted its effect during the early stages of IAV infection (Figure 4 ). During this stage, IAV attachment to target cells is mediated by HA1 via sialic acid-receptor binding, and subsequent virus-endosome membrane fusion is mediated by rearrangement of HA2 at low pH. Our results showed that OA-10 did not block IAV binding to cells at 4 °C ( Figure S3 ). In addition, OA-10 did not inhibit IAV adsorption to chicken RBCs at concentrations of 10 and 20 µ M, in spite of the fact that non-classical hemagglutination inhibitions of OA-10 at 40 and 80 µ M were observed. These results suggest that the HA1 receptor binding domain is likely not a main target. Given that OA-10 exhibited antiviral activity during early stage(s) of IAV infection cycle, we speculated that OA-10 might target the membrane fusion step mediated by the 
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To investigate the binding intensity of OA-10 with HA, SPR analyses were conducted. SPR data showed that OA-10 interacted with HA strongly with KD of 2.98 × 10 −12 M ( Figure 5B) , which was consistent with its potent hemolysis inhibition at low pH. To study the possible binding site, docking simulation analyses were performed, by which a highly conserved hydrophobic cavity at the HA1-HA2 interface in the HA stem region was identified as the possible binding site of OA-10. The binding cavity is formed by residues of the two HA subunits, including Gly20, Val18, Trp21, Lys38 and Ile45 in HA2, and His38 in HA1, which was previously reported to be one of the critical regions responsible for the conformational changes in HA2 at low pH [19] . In addition, this region is recognized by an antibody with a broad-spectrum neutralizing ability to avian and human influenza A viruses [19] ; thus, it could serve as a potential drug target for developing IAV entry inhibitors. Indeed, our data indicated that OA-10 might bind to this cavity through hydrogen bonds and hydrophobic interaction.
Influenza A viruses have been classified into 18 hemagglutinin subtypes (H1 to H18), which can be divided phylogenetically into two groups (1 and 2). H1, H5 and H9 belong to Group 1 HA of IAV, while H3 belongs to Group 2 HA of IAV [40] . It is known that the amino acid sequence identities of the HA2 portion between different HA subtypes are much higher than those of the full-length HA proteins [40] , which makes HA2 an attractive target for developing broad-spectrum therapeutic antibodies and antiviral drugs. In fact, several broadly neutralizing antibodies (bnAbs) against IAV conserved HA stem have been developed, and their broad protection against IAV infection has been demonstrated in clinical trials. One such examples is the antibody CR6261 for most group 1 IAV subtypes [41, 42] . Recently, guided by structural knowledge on the interactions of HA and anti-stem bnAb CR6261, a small molecule JNJ4796 that mimics the bnAb functionality with the ability to inhibit HA-mediated fusion was successfully developed. Importantly, this compound demonstrated potent antiviral activities against H1 and H5 strains in vitro and in vivo [19] , but not group 2 IAVs such as H3 and H7 subtypes [19] . An OA derivative Y3 was reported to have significant antiviral activity in vitro against H3 and H1, suggesting broad-spectrum inhibitions of OA derivatives against both Group 1 and Group 2 IAVs. [13] . Further, HR2 in influenza HA2 was recently shown to be the target domain for Y3 [43] . In the present study, we show that OA-10 has promising antiviral activities against four IAV subtypes, including H1N1, H5N1, H9N2 (Group 1 IAVs) and H3N2 (Group 2 IAV), further demonstrating the potential of OA derivatives as broad-spectrum IAV entry inhibitors. To our knowledge, this is the first reported antiviral activity of OA derivatives against H5N1 IAV infection. Further in vivo studies will be carried out to clarify the efficacy of OA-10 as an IAV entry inhibitor in animals.
Another potential advantage of OA-10 s antiviral activity is its synergistic inhibition on viral replication when used together with ribavirin, a broad-spectrum virus RNA polymerase inhibitor (Figure 3 ). Such synergy was likely the result of the simultaneous disruption of HA-mediated viral entry by OA-10 (earlier step) and polymerase-mediated RNA replication by ribavirin (later step). It is expected that using an inhibitor like OA-10 together with ribavirin or NA inhibitors would not only enhance antiviral effects against IAV infection, but also prevent or significantly delay drug resistance.
In summary, we demonstrate that OA-10, a novel synthesized oleanane-type triterpenoid, inhibits four different IAV subtypes, including Group 1 H1N1 (PR8), H5N1 and H9N2, and Group 2 H3N2 infections with potent activity and negligible cytotoxicity in A549 cells. Mechanically, OA-10 blocks the conformational changes of the HA2 subunit at the low pH required for IAV to fuse with an endosomal membrane. These effects are attributed to a conserved hydrophobic cavity in the HA stem region as the likely binding site of OA-10. It could serve as a lead for optimization in order to design novel compounds with improved antiviral potency. OA-10 and its derivatives hold promise to be developed as broad-spectrum anti-influenza drugs.
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The following are available online at http://www.mdpi.com/1999-4915/12/2/225/s1: Figure S1 : Chemical structures of oleanane acid (OA-0) and its 11 derivatives. OA-8, OA-9, OA-10 and OA-11 were newly synthesized derivatives. Figure S2 : OA-10 inhibits IAV PR8 (H1N1), H9N2 and H3N2 replications in A549 cells. Figure S3 : OA-10 does not block IAV binding to A549 cells. Figure S4 : Amino acid sequence alignment of the full-length HA proteins between strains of A/Vietnam/1203/2004 (H5N1) and A/Duck/Guangdong/99(H5N1). 
